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Technology Roadmaps to Enable the 5G Ecosystem
• Microwave / millimeter-wave RF-Front Modules needed for emerging 

5G User Equipment (UE) and Base-stations (BS)
• Roadmaps for Hardware and Advanced Packaging to guide us to areas 

of research for millimeter-wave RF Front-Ends for 5G and Beyond
• Time horizons: 3-, 5- and 10-years
• Addressing Semiconductors and Advanced Packaging technical trades
• Devices, materials, processes and substrates needed to support the 

goal of low-cost high performance 5G New Radio (NR) hardware
• Initial look at beyond 5G for technology needs between 100 GHz to 1 

THz (6G)
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https://www.gsma.com/mobileeconomy/
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Status of 5G Deployments in 2024 (GSMA Report) 

https://www.gsma.com/mobileeconomy/

The 5G Era has begun and gaining momentum!

AT&T 5G+ SpeedTest at CES 2024 in Las Vegas 
Convention Center (mm-waves)

• C-Band: 3.7GHz to 3.98GHz turned on in US



Digital Connectivity: A Transformative Opportunity
• The events of the last three years, with a global 

health pandemic and the swift international pivot to 
digital delivery of goods, services, work, and play, 
have yielded unique insights into just how critical 
stable, broadband access is and will continue to be. 
While the global markets still face strong economic 
headwinds today, digital connectivity has accelerated 
as people, businesses, and governments pivoted 
strongly towards online communications, and we 
continue to see new internet devices and 
applications, growing broadband penetration into 
developing markets.

• We won’t rest until we live in a world where 
meaningful connectivity is a lived reality fo everyone, 
everywhere.”

Enabling 5G and Beyond | FutureNetworks.ieee.org
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https://broadbandcommission.org/publication/state-of-broadband-2023/
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Nadine Collaert, imec, Emerging device and heterogenous integration technologies for sub-THz
Applications, ISSCC 2022, 6G Forum.
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• eMBB
• URLLC
• MM2M

Today

Joint 
Comm & 
Sensing
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Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum

• Sweet Spot still C-Band
• FR2 bands usage 

limited but growing
• 6G …



MmWave Development in 2023: Where's It Going & What Are the Challenges
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https://www.idtechex.com/en/research-article/mmwave-development-in-2023-wheres-it-going-and-what-
are-the-challenges/29010

Positives:3 years after 5G was officially commercialized, while 
most of the deployments are primarily focused on 5G mid-band, 
the development of 5G mmWave technology has also been 
underway. 5G mmWave, operating in high-frequency bands 
between 24-100 GHz, offers faster data transfer rates, low 
latency, and higher bandwidth compared to the previous wireless 
technology.
 
Negatives: However, the deployment of 5G mmWave technology 
poses challenges beyond its physical characteristics, such as 
shorter range and susceptibility to interference. 
• Lack of compelling business use cases that justify its cost and 

deployment challenges. 
• The benefits may not be enough to justify the significant 

investment required to deploy it. 
• Need to to identify and prioritize the use cases to provide the 

most significant impact and return on investment.
FR2: FWA and high-density areas like 
stadiums and airports



Millimeter-Waves Challenges and Mitigations
Challenges:
• Propagation: Line of 

Sight
• Rain attenuation
• Foliage attenuation
• Building penetration 

losses
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https://www.gsma.com/futurenetworks/wp-content/uploads/2022/10/FINAL-5G-mmWave-Deployment-
Best-Practices-Design-White-Paper-November-2022.pdf

Mitigations:
• Phased Arrays
• Use of low-band for UL
• Use of High Power UE

AiP (Antenna-in-Package) subsystem is designed for both gNB and UE 
to eliminate mmWave propagation loss as well as reduce the path loss 
from the antenna to the baseband to improve the receiving sensitivity.



6G Wireless Communications in 7–24 GHz Band:
Opportunities, Techniques, and Challenges
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https://arxiv.org/pdf/2310.06425v1.pdf

Emergence of FR3:
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Wireless Telecommunications Growth



RF Front-Ends Play a Critical Role to the Deployment of 5G 
Ecosystem (RFICs, Antennas and Advanced Packaging) 

• UE is highly SWaP-C constrained
• Battery Life
• Mm-wave propagation losses

• BS Challenges
• Signal Blockage
• Output Power & PAE
• Thermal
• Yield & Affordability

• Key Technologies:
• Advanced node CMOS, FD-SOI
• 2.5D/3D packaging
• Low-loss substrates

According to the Fact & Figures research report, the global 5G Smart Antenna Market in 2019 was approximately 
USD 260 million. The market is expected to grow at a CAGR of 57% and is anticipated to reach around USD 6,325 
million by 2026.

https://www.everythingrf.com/news/details
/12962-amkor-develops-advanced-
packaging-technology-for-5g-rf-front-end-
modules

AiP / AoP Modules (Amkor)

5G RF Front-End Modules faces many design challenges

https://www.globalfoundries.com/sites/default/file
s/rf_soi_can_save_billions_in_5g_mmwave_networ
k_costs_with_efficient_pas_2020-04-
06_microwave_journal.pdf

Si/SiGe Beamformers (GF)

https://unitedlex.com/insights/apple-
iphone-13-pro-max-teardown-report

https://www.5gtechnologyworld.com/etsi-
launches-intelligent-surfaces-effort/

Intelligent Reflective Surfaces 
for 6G (ETSI)

Resilient 5GMm-wave BS Phased Array – 
Beamformer Technologies using 

III-V and SiGe (Fujikura)
https://mmwavetech.fujikura.jp/5g/?gclid=EAIa
IQobChMI4qWzsLLs8wIVGmxvBB0EhwfOEAAYA
yAAEgJ96_D_BwE
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Main Design Challenges for End-to-End, Full-Stack THz Networks

M. Polese, “Toward End-to-End, Full-Stack 6G Terahertz Networks,” IEEE Communications Magazine, Nov 2020. (Northeastern University)
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Madhavan Swaminathan, “Packaging for mmWave Communications,” March 2021, INEMI Webinar
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Mm-wave Phased Arrays: a Common Feature in your Phone!

https://omdia.tech.informa.com/OM006104/Criticality-of-5G-
Modem-to-RF-Integration-A-look-inside-Samsung-Galaxy-S20-
Ultra

5G Antenna Modules in Samsung S20 Ultra

Mmwave antenna 2

https://unitedlex.com/insights/apple-iphone-13-pro-max-
teardown-report/

Iphone 13 Pro mm-wave modules / antenna and 5G Modem
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Technology/Capability Gaps and Showstoppers
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140 GHz                1mm6G
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Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum
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Key Antenna Package Requirements

Bodhisatwa Sadhu, Alberto Valdes-Garcia, “Silicon based millimeter Wave Phased Array Design,” IMS2020 Technical Lecture
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Challenges for Millimeter-Wave Design
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Bodhisatwa Sadhu, Alberto Valdes-Garcia, “Silicon based millimeter Wave Phased Array Design,” IMS2020 Technical Lecture
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Bodhisatwa Sadhu, IBM Research, Fundamentals of mm-Wave Phased-Arrays, ISSCC2022, T10



Examples of Advanced Packaging Techniques for 5G

22

S. Nadre, “10um Pitch Bumping of Singulated Die Using a Temporary Metal 
Embedded Chip Assembly Process,” 2022 ECTC

T. Zheng, “Polylithic Integration for RF/MM-Wave Chiplets using Stitch-Chips: 
Modeling, Fabrication, and Characterization,”  IMS2020, 
https://ieeexplore.ieee.org/document/9223887

HRL: Wafer-Level integration for III-V
GaTech: 0.2dB Insertion Loss @ 28 GHz!
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Highly Integrated D-Band Phased-Arrays for 6G wireless Communications

Mohamed Elkhouly, Shahriar Shahramian, Nokia: 
ISSCC 2022, 6G Forum

What is the breakpoint for AiP versus AoC? And for 2.5D versus 3D?

imec Nokia

X. Tang, “A 140 GHz T/R Front-End Module in 22 nm 
FD-SOI CMOS, RFIC 2021,RFIC2021
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Nadine Collaert, imec, Emerging device and heterogenous integration technologies for sub-THz
Applications, ISSCC 2022, 6G Forum.
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Technology/Capability Gaps and Showstoppers
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Necessary Semiconductor Technologies for 6G
• Objective

• Support high data rate Communications
• Spatial multiplexing for high capacity

• Benefits (140 – 1000 GHz)
• Large available spectrum
• Shorter wavelength – more channels for same sized 

array
• Challenge

• Atmospheric attenuation
• PAA element spacing - –λ/2 @ 150 GHz is 1 mm 
• Challenging packaging technologies

• Technologies
 III-V: InP HBT, InP HEMT, GaN HEMT, SiGe

• Heterogeneous Integration
• Small Form Factor
• Antenna On Chip
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https://ideas.ethz.ch/research/surveys/pa-survey.html

H. Hamada, “Sub-THz InP-based Wireless Connection
Techniques toward 6G, “ ISSCC 2022, 6G Forum
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Nicholas Comfoltey, “Emerging Device Technologies for RF/mmWave FEMs,” ISSCC2023 Forum
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Next Stop For R&D: 6G

Gary Xu: THz for 6G Communications: Vision and Challenges, 
ISSCC2022 6G Forum

144 GHz TX beamformer module 
with eight dual-channel
45nm RFICs wire bounded to the 
antenna array. (Samsung)

Antenna array with 16 RF channels 
at 144 GHz carrier frequency.

Antenna pattern shows 21 dB of realized gain and +/-40 
degree steerability.

Shadi Abu-Surra et al, ”End-to-end 140 GHz Wireless Link Demonstration with 
Fully-Digital Beamformed System, “ 2021 IEEE ICC Workshop” Samsung . UCSB
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Promise of 5G

31

https://www.qualcomm.com/content/dam/qcomm-martech/dm-assets/documents/Qualcomm-Whitepaper-Vision-market-
drivers-and-research-directions-on-the-path-to-6G.pdf



6G will bring new and enhanced user experiences across the connected intelligent edge

32

https://www.qualcomm.com/content/dam/qcomm-martech/dm-assets/documents/Qualcomm-Whitepaper-Vision-market-
drivers-and-research-directions-on-the-path-to-6G.pdf
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6G 140-GHz Phased Array

RX Chip TX Chip

RX Meas TX Meas
Li & Rebiez, ”A 140GHz CMOS RFSOI Transmit-Receive Phased-Array 
Wireless Link with 11–12Gbps and 16 and 64-QAM Operation,” 
IMS2022 



Enabling technologies, 6G new application opportunities and technological challenges

• RF spectrum for future localization and sensing 
systems

• Leap in available bandwidths and carrier frequencies
• The transition to THz frequencies has several 

important benefits.
• Signals at these frequencies are unable to penetrate 

objects, leading to a more direct relation between the 
propagation paths and the propagation environment.

• At higher frequencies, larger absolute bandwidths are 
available, leading to more resolvable multi-path in the 
delay domain with more specular components.

• Shorter wavelengths imply smaller antennas, so that small 
devices can be packed with tens or hundreds of antennas, 
which will be beneficial for angle estimation. 

• The high-rate communication links offered by 6G will be 
able to be leveraged to quickly and reliably share map and 
location information between different sensing devices.

• 6G is not not just new frequency bands – it will be AI-
enabled for sensing, communications and imaging

34
http://jultika.oulu.fi/files/isbn9789526226743.pdf



35

http://6gglobal.org/download/2-1.%20NAKAMURA,%20Takehiro.pdf



Summary

• We are at a unique point in time when there is a global recognition on the critical roles 
of semiconductor and microelectronics as foundational pillars to nations economies.  

• There is immense need for a Heterogeneous Integration technology roadmap 
addressing future vision, difficult challenges, and  potential solutions to pave the way 
for Microelectronics Resurgence

• Our Greatest Challenge are ourselves : will we take full advantage of unique 
opportunities today collaboratively advancing the the science & technology for the 
benefit of humankind.  

• Heterogeneous integration (e.g SiP & Chiplets & more) is a broad & deep base  for 
Science & Technology Renaissance  & Microelectronics Resurgence  



Thank You!
https://eps.ieee.org/technology/heterogeneous-integration-roadmap.html
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